Two experiments were conducted to evaluate the effect of betaine supplementation of finishing diets on growth performance and carcass characteristics of swine. Experiment 1 included 288 pigs in a 2 × 2 × 3 factorial arrangement of treatments consisting of barrows and gilts of two genetic populations fed diets with 1.25 g/kg supplemental betaine from either 83 or 104 kg to 116 kg and control pigs fed betaine-devoid diets. Pigs were housed three pigs per pen with eight replicate pens per treatment. Diets were corn-soybean meal-based with 300 ppm added choline. Genetic populations differed (P < 0.05) in fat depth (2.24 vs 2.93 cm) and longissimus muscle depth (53.8 vs 49.1 mm) at 116 kg. Betaine reduced feed intake (P < 0.05); however, real-time ultrasound measurements were not affected. In Exp. 2, 400 pigs were used in a 2 × 2 × 2 factorial arrangement of treatments to evaluate the effect of sex (barrow or gilts), betaine (0 or 1 g/kg of diet), and crude protein (CP) (0.70% lysine = 12.7% CP or 0.85% lysine = 15.0% CP) when fed from 60 to 110 kg live weight. Pigs had been assigned to either a high-or low-protein feeding regimen at an average initial weight of 11.3 kg and were maintained on their respective protein levels
Introduction
Betaine, a product of choline degradation, acts as a methyl donor to homocysteine to form methionine, or upon complete demethylation will result in glycine formation. The degradation of betaine (i.e. in the rumen) results in the formation of trimethylamine, methane, and CO 2 (Mitchell et al., 1979) . Studies with chicks and pigs (Pesti et al., 1980; Campbell et al., 1995) confirmed that betaine may act as a methyl donor in methionine-475 throughout the experiment. For a 56-d period from 61.7 kg to 113.6 kg, pigs were fed diets with 300 ppm added choline. Within each protein level, pigs were randomly assigned to diets containing 0 or 1 g/kg betaine. Pigs were group-housed (four to five pigs per pen). Pig weight and feed intake were recorded every 28 d. Real-time ultrasound measurements were recorded initially and at d 28 on 64 pigs, and on all pigs prior to slaughter. Growth rate was fastest and feed intake greatest for barrows (P < 0.05) and for pigs receiving 12.7% crude protein. A crude protein × betaine interaction (P < 0.05) was observed from d 28 to 56 with pigs fed the 15% CP diet growing fastest when supplemented with 1 g/kg betaine, and pigs receiving the 12.7% CP diet growing fastest when the diets contained 0 g/kg betaine. Gilts more efficiently (P < 0.05) converted feed into body weight gain, as did pigs receiving the 12.7% CP diet (P < 0.05). Longissimus muscle area and fat measurements were unaffected by betaine or dietary protein on d 28. However, by d 56 betaine reduced average fat depth in barrows (P < 0.05; 3.21 vs 3.40 cm), but not in gilts. Betaine may be more effective at altering body composition in barrows than in gilts. deficient diets and would support growth rates similar to those of animals fed methionine-adequate diets. Work by Saunderson and Mackinlay (1990) indicated that betaine is effective in reducing body fat and increasing the protein content of chick breasts at 21 d of age. Betaine has also been suggested for swine for the reduction of carcass backfat and for increasing lean mass, as well as improving feed efficiency (Campbell et al., 1997; Casarin et al., 1997; Cromwell et al., 1999) . However, scientific literature concerning the use of betaine in swine is lacking, especially full-length articles. The objectives of these experiments were 1) to evaluate the efficacy of betaine in altering pig performance and composition from 60 to 110 kg live weight in genetic populations of different lean growth rates and 2) to evaluate the impact of betaine when diets with low or adequate crude protein are fed. 
Materials and Methods

Animals and Care
Experiment 1. Two hundred eighty-eight pigs (barrows:gilts, 1:1) of two different genetic populations with various capacities for lean accretion were obtained from commercial sources at 82.6 ± 3.8 kg live weight. The high-lean-gain population was a European terminal cross of synthetic terminal sires by European Large White-Landrace females. The average lean-gain population was a cross of PIC Line 326 terminal sires on U.S. Yorkshire-Landrace females. Pigs of the high-leangain population had previously been shown to have high fat-free lean growth rates (360 vs 300 g/d) and 5 to 10% lower feed intakes than pigs of the average-lean-gain population. Upon arrival, pigs were weighed, assigned to experimental group, and group-housed in 96 openfronted pens (1.88 × 3.66 m) with three pigs per pen. Pigs were fed a corn-soybean meal-based diet containing 0.90% lysine (Table 1) . At 82.5 kg live weight, 64 pens of pigs representing 24 pigs per genetic population × sex × betaine level were fed diets containing either 0 or 1.25 g/kg betaine until attaining an average slaughter weight of 116 ± 5.2 kg. Remaining pigs (32 pens) had ad libitum access to the 15.4% CP, 0.90% lysine diet without supplemental betaine until an average body weight near 104 kg was reached, at which point they were fed diets supplemented with 1.25 g/ kg betaine. Real-time ultrasonic measurements (RTU, Aloka 500, Corometrics Medical System, Wallingford, CT) of 10th rib longissimus muscle area and 10th and last rib backfat depth were taken at the start of test, at approximately 104 kg, and on the day prior to slaughter using the data from Wagner et al. (1999) . Prediction equations were used to predict fat-free lean mass from the RTU measurements. Fat-free lean mass at approximately 80 kg was predicted by the following equation: fat-free lean mass, kg = 1.54 + (0.247 × live weight, kg) − (2.50 × 10th rib ultrasonic backfat depth, cm) + (0.3365 × ultrasonic 10th rib loin-eye area, cm 2 ), R 2 = 0.84. Fat-free lean mass at 104 and 116 kg live weight was estimated by the following equation: fat-free lean = −0.16 + (0.305 × live weight, kg) − (3.62 × ultrasonic backfat, cm) + (0.320 × ultrasonic 10th rib longissimus muscle area, cm 2 ), R 2 = 0.81. Fat-free lean gain on test was estimated as predicted lean mass at the end of test minus the predicted lean mass at the beginning of test divided by the number of days on test. Carcass measurements including longissimus muscle depth and backfat depth were taken via an optical probe (SFK Fat-OMeter, Herlev, Denmark) at slaughter. Percentage lean was estimated from the optical probe measurements and carcass weight (NPPC, 1991) . After 24 h of chilling, the longissimus muscles were exposed and scored for color and marbling using scores (NPPC, 1991) that ranged from 1 (pale pinkish gray color, devoid or practically devoid of marbling) to 5 (dark, purplish red color, moderately abundant or greater marbling).
Experiment 2. Four hundred pigs (barrows:gilts, 1:1) were obtained from a commercial source at an average age of 12 d and 3.8 kg average weight. Upon arrival, pigs were injected with 1 mL of penicillin (Pfizer, Groton, CT), weighed, and randomly assigned to pens (six to seven pigs per pen) based on initial weight in segregated-early-weaning (SEW) facilities located at Purdue University. All pigs were fed a common pelleted starter diet until achieving 11.3 kg average weight. When an average weight of 11.3 kg was attained, pigs were transported about 9 km to an open-fronted facility. Pigs were weighed and assigned to 1 of 96 pens (1.88 × 3.66 m) on the basis of initial weight (four to five pigs per pen). Pigs were then assigned to either high-or low-protein diets with the following dietary lysine levels for each weight interval: 1.15 or 1.25% lysine from 11.3 to 34.0 kg, 0.85 or 1.00% lysine from 34.0 to 61.7 kg, and 0.70 or 0.85% lysine (12.7 vs 15.0% CP) from 61.7 to 113.6 kg live weight. Pigs were maintained on their respective high-or low-lysine diets from the beginning of the experiment until slaughter. Pig weights and feed intakes were recorded weekly from arrival to 15.4 kg, and every 28 d thereafter. Real-time ultrasound measurements were taken on 64 pigs (16 pigs per treatment) at average weights of 61.6 ± 0.50 and 90.3 ± 0.66 and on all pigs at 113.6 ± 0.83 kg. Fat-free lean at initiation of test and the day prior to slaughter were estimated by the same equations as in Exp. Diets. Typical corn-soybean meal diets, obtained from a commercial source, were fed during each experiment. Diets in Exp. 1 contained 0.90% lysine and approximately 1,200 ppm choline (300 ppm from choline chloride) and were fed in meal form (Table 1 ). In Exp. 2, from 61.7 to 113.6 kg, the 0.70% (12.7% CP) or 0.80% (15.0% CP) lysine-pelleted diets were supplemented with either 0 or 1 g/kg betaine (Finnsugar Bioproducts, Rolling Meadows, IL) ( Table 1) . Diets met or exceeded nutrient recommendations by NRC (1988) for the 50-to 110-kg pig. Diets in both experiments contained approximately 1,200 ppm choline (300 ppm from choline chloride) to test the benefit of betaine in choline-supplemented diets. All pigs were allowed ad libitum access to feed and water.
Statistical analysis. Data were analyzed by the GLM procedures of SAS (SAS Inst. Inc., Cary, NC) to obtain least squares means for the main effects of genetic population, sex, lysine level, and betaine supplementation, as well as all interactions where appropriate. Covariate analysis was used when significant (P < 0.05) to adjust growth performance or live animal or carcass measurements for differences in initial or off-test weight.
Results
Growth Performance. In Exp. 1, betaine supplementation did not affect (P > 0.05) growth rate or feed intake ( Table 2) . Barrows consumed more feed and grew faster than gilts (P < 0.05). Sex differences for feed intake and gain/feed were larger (P < 0.05) for the high-lean genetic population (Genotype 1) than for the average-lean genetic population (Genotype 2).
In Exp. 2, barrows and pigs receiving the high-protein diet grew fastest (P < 0.05) from 11.3 to 61.7 kg, so initial weight was included as a covariate in analyzing pig performance from 61.7 kg to 113.6 kg (Table 3) . During the first 28 d, and for the entire 56-d trial period, no effect of betaine (P > 0.10) on growth performance was observed. However, from d 28 to 56, a protein × betaine interaction (Table 4 ) was observed; pigs grew fastest (P < 0.05) when fed diets containing either 12.7% CP (0.70% lysine) and 0 g/kg betaine or 15.0% CP (0.85% lysine) and 1 g/kg betaine. Barrows and pigs receiving the low-protein diets (0.70% lysine) grew fastest (P < 0.05) from d 0 to 56 (from 61.7 to 113.6 kg). Gilts had lower feed intakes (P < 0.05) and converted feed into body weight gain more efficiently (P < 0.05) than barrows from 61.7 to 113.6 kg. A protein × betaine interaction (P < 0.05) was observed for feed intake and gain/ feed ratio from d 28 to 56; feed intake was lowest and gain/feed ratio highest when pigs were fed diets containing either 12.7% CP and 0 g/kg betaine or 15.0% CP and 1 g/kg betaine. Differences in growth rate resulted in barrows being heavier than gilts (P < 0.05) at slaughter. Pigs receiving 12.7% CP with 0 g/kg betaine were heavier than pigs on the same CP level but receiving 1 g/kg betaine, whereas pigs receiving 15.0% CP (0.85% lysine) were heaviest at slaughter when supplemented with 1 g/kg betaine (P < 0.05).
Body Composition. Betaine supplementation in Exp. 1 (Table 2) reduced longissimus muscle score, indicating the longissimus muscle was lighter with the supplementation of betaine. Betaine supplementation did not affect any carcass characteristics or live animal ultrasonic measurements. Longissimus muscle depth and predicted percentage lean were greater and marbling scores lower for the high-lean genetic population (P < 0.05). Longissimus muscle depth and percentage lean were greater (P < 0.05) for gilts than for barrows across genetic populations. Carcass dressing percentage was greater (P < 0.01) for gilts than for barrows, and the difference was more dramatic in the average-lean genetic population (P < 0.05). Fat depth, as measured by both an optical probe at slaughter and RTU, was lowest (P < 0.01) for gilts and for high-lean genetic population pigs (P < 0.05). Fat-free lean gain was greater (P < 0.01) for the leanest genetic population. The difference between barrows of the two genetic populations for fatfree lean gain (84 g/d) was greater (P < 0.05) than the difference between gilts (48 g/d) of those genetic populations. Sex differences for optical probe backfat depth, ultrasonic backfat depth, predicted percentage lean and dressing percentage were smaller (P < 0.05) for the high-lean genetic population in comparison to a larger difference between sexes for the average-lean genetic population. Pigs of the high-lean genetic population had lower (P < 0.01) marbling scores and greater longissimus muscle areas than pigs of average-lean genetic population, and the differences were greatest among gilts (P < 0.05). Body composition of pigs in Exp. 2 (Table 5 ) was adjusted for differences in live weight when RTU measurements were obtained. Regardless of live weight, gilts had larger (P < 0.05) longissimus muscle area, which was unaffected by dietary protein or betaine level. Initial first and last rib fat depth were less (P < 0.05) for gilts than for barrows, and the last rib fat depth was lower (P < 0.05) for pigs fed the higher dietary lysine regime from 11.3 to 61.7 kg. Although only significant (P < 0.05) for initial last-rib fat measurements, randomization of pigs to betaine treatments resulted in higher initial fat measurements for pigs fed 1 g/kg betaine. Little effect of 28 d of betaine supplementation on fat deposition was detected by 90.3 kg; however, after 56 d of betaine supplementation and 113.6 kg average weight, a betaine × sex (P < 0.05) interaction resulted in betaine (P < 0.05) reducing fat deposition on barrows but not gilts (Table 6 ). Betaine was not effective in reducing fat deposition in gilts. Rate of lean deposition (Table 5 ) was higher for pigs fed the 12.7% CP diets from 61.7 kg to slaughter and was similar for both sexes and was not affected (P > 0.05) by betaine supplementation. The efficiency with which feed was used for lean deposition, however, was higher (P < 0.05) for gilts and for pigs fed 12.7% CP (0.70% lysine) diets. Betaine did not affect feed utilization efficiency. 
Discussion
Choline and its degradation product, betaine (Storch et al., 1991) , act as lipotropes by increasing hepatic betaine and betaine-homocysteine methyltransferase concentrations (Finkelstein et al., 1983) . The increase in betaine-homocysteine methyltransferase is responsible for the transfer of methyl groups from betaine to homocysteine, resulting in the production of methionine and dimethylglycine (Mitchell et al., 1979) . Normal degradation of homocysteine, in the absence of methionine biosynthesis, can result in acetyl-coenzyme A formulation, which may then provide substrate in lipogenesis. Although the exact metabolic role of betaine in regulating adipose tissue deposition is not well characterized, the methylation of homocysteine to methionine, and the subsequent transamination to methionine, may reduce the available pool of homocysteine (Baker and Czarnecki, 1985) for acetyl-coenzyme A production, thus reducing the available substrate for fatty acid synthesis and consequent deposition. Betaine supplementation is effective in increasing growth rate and gain/feed ratios (Baker and Czarnecki, 1985) , reducing body fat, and increasing body protein in young, growing chicks (Saunderson and Mackinlay, 1990) . The failure to observe an increase in growth rate from betaine supplementation in our research may be due to differences between poultry and swine in their capacity to utilize dietary betaine for enhanced growth, or perhaps because of differences in the total choline level (1,200 ppm) in the diets fed in this experiment. In this trial, higher choline levels were fed than in past trials. The results of the present study indicate that betaine may not have an effect on pigs fed a cholinesupplemented diet. Although no effect of betaine supplementation was observed in Exp. 1, the reduction in fat measurements of barrows after 56 d of betaine supplementation observed in Exp. 2, in conjunction with the results of Saunderson and Mackinlay (1990) , suggest that betaine may be effective in altering body composition of food animals if included in the diet for longer periods, depending on genotypic differences. Dif-ferences also may depend on the growth stage during which betaine supplementation is initiated. Other research to determine the effects of betaine supplementation in diets of young, rapidly growing pigs is lacking.
Our research indicates that differences exist in genetic potential for fat depostion of barrows and gilts, regardless of genetic potential for lean accretion, and that supplementing the diet with betaine may be more effective at altering body composition in barrows than in gilts. Adipose tissue deposition in gilts may be less readily altered by dietary betaine supplementation due to their lower potential for fat deposition. Our experiments agree with those of Matthews et al. (1995) , who failed to detect a growth or carcass response to 0.125% betaine when fed to gilts from 55 to 109 kg live weight and those of Smith et al. (1995) for gilts fed betainesupplemented diets from 60 to 104 kg.
The protein × betaine interaction observed in this study warrants further investigation. Pigs fed the 12.7% CP (0.70% lysine) and 0 g/kg betaine diet may have received sufficient methionine in relation to the supply of other essential amino acids to support maximal growth rate, whereas the pigs fed 15% CP (0.85% lysine) diets may have required the additional methyl donor supplied by supplementing the diet with 1 g/kg betaine, sparing dietary methionine as a methyl donor. Matthews et al. (1998) conducted a trial with gilts in a 2 × 2 × 2 factorial arrangement of treatments with two levels of betaine (0.02 or 0.125%), CP (adequate or inadequate), and net energy (NE; 0 or 6% added fat). In the late finishing period (76 to 111 kg) betaine increased average daily gain in inadequate-CP, low-NE and adequate-CP, high-NE diets but decreased average daily gain in inadequate-CP, high-NE and adequate-CP, low-NE diets (betaine × CP × NE interaction). The diets used in Exp. 2 were similar in energy content to the low-NE diets of Matthews et al. (1998) . Matthews et al. (1998) fed 0.79 and 0.67% lysine for the early finishing (54 to 76 kg) low-NE diets and 0.71 and 0.60% lysine in the late finishing phase (76 to 111 kg live weight). Also, the serum metabolic data of Matthews et al. (1998) suggest that betaine may affect protein status of pigs and that the effects may depend on the crude protein and energy content of the diet. Additionally, Campbell et al. (1995) reported that over a range of methionine deficiencies, betaine supplementation could support growth that was slightly greater than that obtained when the requirement for methionine had been met. Overland et al. (1999) found that the addition of trimethylamine oxide (TMAO), an alternative methyl donor, improved growth performance and increased carcass lean percentage. The addition of TMAO increased apparent total tract digestibility of fat (75.6 vs 79.1%). Yet, betaine supplementation appears to have had no such affect. The interactions between dietary energy, methionine, choline, and betaine levels warrant further investigation.
In Exp. 1, betaine lowered longissimus muscle color scores. Matthews et al. (1998) also found lower longissimus muscle color scores for gilts fed betaine-supplemented diets, 1.76 vs 2.00 on the NPPC classification guidelines. In a later trial, no differences in longissimus muscle color scores were found (Matthews et al., 2001 ). It is not clear how betaine would affect postslaughter muscle metabolism and pork quality attributes.
In our experiments, genetic population × sex interactions existed for several performance traits and carcass measurements. The absolute percentage differences in feed intake and gain/feed ratio between the sexes were larger for the leaner genetic population. Differences between the sexes for percentage lean and backfat were smaller for the leaner genetic population. Due to different selection methods, differences observed between barrows and gilts for feed intake, lean growth, and carcass composition are not constant between genetic populations (Schinckel, 1994; Schinckel and De Lange, 1996) . In general, the higher the feed intake of a genetic population, the larger the differences between the sexes for percentage carcass lean and backfat thickness (Schinckel, 1994; Schinckel and De Lange, 1996) .
Implications
The results of these experiments indicate that fat deposition in barrows may be reduced slightly by supplementing diets with 1 g/kg betaine from 60 to 110 kg live weight. Supplementation of betaine in diets fed to gilts of varying genetic population does not appear to affect either growth performance or carcass characteristics. The lysine × betaine and sex × betaine interactions found in this trial indicated that the betaine response was not consistent. The situations that allow a consistent response to betaine must be identified for its practical commercial use.
